A wide variety of primitive pea types and other genetic stocks was tested under gnotobiotic conditions for nodulation and nitrogen fixation with each of two strains of Rhizobium leguminosarum. A strain of Turkish origin (3624) formed active nodules on all 375 pea lines tested, while 24 peas from Afghanistan, 1 from Israel and 1 from Turkey were totally or partially resistant to nodulation by the other strain (2550), which was of European origin. Tests with other Rhizobium strains established that the plasmid pRL5JI present in strain 3624 was required for nodulation of those lines not nodulated by the strain 2550.
INTRODUCTION
THE process of infection and the development of nitrogen-fixing root nodules in legumes could be more readily studied if a range of genetic variants of each partner was available. For example, series of host genes preventing nodulation or nitrogen fixation are known in soybean, Glycine max (L.) Merr. (see Vest and Caldwell, 1972) and in red clover, Trifolium pratense L. (see Nutman, 1969) . In each case the effect of some of the genes is restricted to certain Rhizobium strains.
Symbiotically defective mutants are readily available in the normal symbiont of peas, Rhizobium leguminosarum (see Beringer, Brewin and Johnston, 1980) , but only two variant pea genotypes have been characterized: "cv. Iran", which some Rhizobium strains fail to nodulate except at high temperature (Lie, 1971) ; and "cv. Afghanistan", which is not nodulated by strains of R. leguminosarum from Western Europe, but is nodulated by some strains from Turkey, Israel and Afghanistan (Lie, 1978) . The non-nodulation of cv. Afghanistan by European strains is controlled by a single gene, according to the evidence of Holl (1975) , who also screened a large number of pea lines in search of further non-nodulating types. However, the variants he discovered were not characterized further, and the method he used, inoculating with an unknown mixture of Rhizobium strains, might have missed variation that was strain-specific. In the present study, we attempted to uncover further symbiotic variants in peas by a systematic screening of lines from the John Innes pea collection, using two strains of R. leguminosarum and a bacteriologically-defined technique.
MATERIALS AND METHODS (i) Rhizobium strains
The R. leguminosarum strains used (table 1) were derived either from a standard European field strain (strain 300, Johnston and Beringer, 1975), 197 or from a Turkish isolate (TOM) that could nodulate cv. Afghanistan.
Culture conditions and growth media were as described by Beringer (1974) .
(ii) Pea lines
Three hundred and seventy-five genotypes of Pisum sativum from the John Innes Pisum Germplasm Collection were screened. These comprised most primitive lines available, plus a sample of cultivars and experimental stocks. They were lines JI 1-223, 225-325, 959-965, 1054-1064, 1070- 1124 and 1194, with the omission of the following lines which were not available: 3, 26, 43, 61, 112, 114, 155, 209, 216, 219, 255, 265, 293, 316, 320, 1106, 1112, 1114, 1115, 1119, 1120, 1123 . The origins of the lines used are summarized in table 2. Total -
Lines JI 85, 86, 88, 93, 109, 110. 2 Lines JI 87, 92, [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] 248. 3LineJI24l. (iii) Cultures and assays Peas were sterilized in sodium hypochiorite solution (12 per cent w/v available chlorine) for 30 mm, and placed singly in 250 ml conical flasks closed with foam bungs and containing 200 ml of sterile nutrient agar. This contained nitrogen-free mineral salts (FAhraeus, 1957) and trace elements (Gibson, 1963) adjusted to pH 65, solidified with 5 gF1 Oxoid No. 3 agar. Each flask was inoculated with a suspension of Rhizobium in 20 per cent glycerol, enclosed in a black plastic bag secured about the neck, and transferred to the glasshouse. After 7-10 days, the plumule of each plant was pulled up through the neck of the flask and the foam bung replaced.
Most pea lines had formed nodules by 28-35 days after inoculation. At this time, each plant was scored visually for nodulation. If nodules were present, one plant of each duplicate pair was then assayed for the activity of nitrogenase, which was detected by the ability to reduce acetylene to ethylene. Whole root systems were transferred to gas-tight 30 ml vials, and 1 ml acetylene was injected. After 30 mm, ethylene production was detected by gas chromatography of 02 ml gas samples. Whenever ethylene was detected, the level was always many times the limit of detection (about 1 nmol per plant), and typically about 10 tmol per plant.
(iv) Replication, repetition and controls For the first screening, each pea line was tested with Rhizobium strains 2550 and 3624, each in duplicate. A line was scored as positive for nodulation and fixation ("susceptible") if at least one plant with each Rhizobium strain had active nodules, otherwise the test with that line was repeated. Lines that consistently failed to nodulate were classed as "resistant"; lines that were only sometimes nodulated were called "partiallyresistant".
JI 1194 was used as a standard pea line with each batch tested. It formed acetylene-reducing nodules with both Rhizobium strains. In addition, a line (either JI 241 or JI 105) that was not nodulated by 2550 was included with each batch. Bacteria were reisolated from nodules, and tested for their genetic markers.
RESULTS (i) Screen
All pea lines tested were nodulated by Rhizobium strain 3624 (TOM derivative) and all nodulated roots had acetylene reduction activity. The great majority of lines (349 out of 375) also formed active nodules with strain 2550 (300 derivative). Out of 40 lines from Afghanistan, 18 were completely resistant (not nodulated) and 6 partially resistant (see below) to strain 2550. These lines are listed in table 2. The other resistant lines were JI 241 (P. sativum subsp. humile from Israel) and JI 1075 (a cultivated pea from Turkey). The roots of resistant plants were usually completely free of nodules, but occasionally a few small white nodules appeared; these did not reduce acetylene.
All lines that failed to nodulate with strain 2550 were tested with two further strains. All were nodulated effectively by strain 3737 (containing the TOM plasmid pRL5JI in a strain 300 background). None was nodulated by strain 3841 (prototrophic 300-type).
(iii) Partially resistant lines
The Afghan lines described as partially resistant to strain 2550 were tested on several occasions. In each experiment, some plants were not nodulated while others had acetylene-reducing nodules. This inconsistency might have reflected variable conditions in the glasshouse, or genetic heterogeneity within the pea lines. To study this, two sub-stocks of each line were tested in growth chambers (low light intensity, 100 Eim2s1) at 20°C and at 25°C. Under these conditions, 66 out of 67 plants from these "partially resistant" lines were nodulated by 2550. Amongst controls included for comparison, 4 out of 24 from "resistant" lines, and 4 out of 4 of JI 1194 were nodulated. All nodulated plants reduced acetylene.
Disctxssio
The striking result of this survey was negative, since all of the peas tested were able to form a nitrogen-fixing symbiosis with Rhizobium. The fact that symbiotic ability, an apparently complex adaptation, has been retained throughout a wide spectrum of pea types, is evidence of the advantage that it has conferred on the host plant under a diversity of conditions.
The strain-specific resistance that was revealed followed the same pattern in all 26 resistant and partially resistant lines: all lines were always nodulated by Rhizobium strains 3624 and 3737, but not (or not reliably) by 2550 or 3841. The fact that the plasmid pRL5JI was necessary to nodulate all the resistant peas suggests that their resistance may have the same genetic basis as that of cv. Afghanistan (Holl, 1975) which is also overcome by this plasmid (Brewin et al., 1980) . A comparison of other phenotypic characteristics (Young and Matthews, 1982) supports this suggestion. The resistant and partially resistant Afghan lines (including cv. Afghanistan), together with 31 241 from Israel, form a group of lines with a combination of characteristics (such as small, coloured flowers, small, thin-walled pods and brown-marbled seeds) that makes them strikingly distinct from the other lines tested in this survey, including the susceptible lines from Afghanistan.
Although the partially resistant lines were sometimes nodulated effectively by strain 2550, the phenotypic analysis (Young and Matthews, 1982) shows clearly that they are similar to the fully-resistant lines, so it is possible that their resistance has the same basis, perhaps modified by genetic background. They were much more readily nodulated by strain 2550 under growth cabinet than under glasshouse conditions, emphasizing the important effect which growth environment can have on the specificity of the symbiosis. The effect of temperature has been documented by Lie (1971) for cv. Iran but the environmental factors affecting these Afghan lines have not yet been determined.
It is clear that the number of nodulation variants revealed by a survey will depend on the growth conditions used. The present study uncovered rather few variant lines, but a survey in our growth cabinets would have missed even some of these. The strain 2550 was chosen to provide a stringent test, since it is potentially "crippled" by auxotrophic requirements and antibiotic resistance, and such mutations (though not these particular ones) have frequently been associated with impaired symbiosis (see Bermger eta!., 1980) . Nevertheless, strain 2550 nodulated all the same lines as the prototrophic strain 3841.
Thus there appears to be a single class of nodulation-resistant variants in P. sativum: cv. Afghanistan (Lie, 1978) , cv. Iran (Winarno and Lie, 1979 ) and the resistant and partially resistant lines described here all share the same Rhizobium specificity: all are nodulated by TOM and other strains that carry the plasmid pRL5JI, and all are resistant, in varying degrees, to European strains. There are, of course, still many pea genotypes that have not been tested, but if the symbiosis is truly beneficial to both partners it is understandable that it has not evolved an extensive race structure, as is often found in host-pathogen interactions.
